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The transport properties of contacts between unconventional superconductors and normal dif-
fusive metals are analyzed in the framework of the quasiclassical kinetic theory. Using a general
boundary condition for the Keldysh-Nambu Green’s functions at the S/N interface we calculate the
local density of states (DoS) and the voltage-dependent conductance of the contacts. Two cases
are considered when S is a spin-singlet d-wave superconductor or a triplet superconductor with
Dz + ipy-wave symmetry. We discuss an interplay between the standard proximity effect in a diffu-
sive normal metal and midgap Andreev bound states arising due to internal phase shift at interfaces
in unconventional junctions. In the spin-triplet case the pairing amplitude is odd in frequency which
is the source of the zero-energy singularity of the local DoS in N and of an anomalous screening
of an external magnetic field. The model is further applied to the study of the Josephson effect in
SNS junctions based on unconventional superconductors with diffusive N interlayer. The relevance
of the results to recent experimental data for unconventional junctions is discussed.
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Symmetry of Cooper Pairs
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Tunneling spectroscopy of Unconventional
superconductors
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Quasiparticles feel different signs of the pair potential
depending on direction of their motion

Tunneling spectroscopy has phase sensitivity



Mid gap Andreev
Resonant State (MARYS)

Normal metal /
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Tunneling conductance in d-wave superconductor junction (ballistic)
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MARS observed In triplet superconductor Sr,RuO,
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Josephson effect
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Josephson current can be expressed in terms of
Andreev reflection amplitudes

A. Furusaki and M. Tsukada, Solid State Commun. Vol. 78, 299 (1991).
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DC Josephson current in d/I/d junctions

Barash (1996)

Transition from 0 to © junction

Tanaka (1996)
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Nonmonotonous
temperature dependence
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Experiment: E. II’ichev et al., Phys.Rev.Lett. 86, 5369 (2001).
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Retro reflectivity of the Andreev reflection in DN

impurity insulator €V=0

Van Wees
et al.(1992)

“ electron
DN(diffusive normal metal)  Superconductor

Proximity effect is enhanced by the diffusive scattering



Diffusive normal metal (DN)/ unconventional superconductor (S)
junction
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Keldysh Nambu Green’s function in DN/S junction

Quasiclassical approximation
Dirty limit in DN (Usadel equation)
clean limit in S (Asymptotic Green’s function is given)

Usadel equation (Green’s function in DN)
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G n(z) is angular averaged Green's function

G n(2) is detemined by solving Usadel equation
based on a new boundary condition
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Boundary condition at DN/S interface (Y.Nazarov)
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Zero voltage total resistance
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L_ocal density of states in DN (d-wave)

proximity effect
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Proximity effect in d-wave junction
ZBCP by proximity effect not by MARS

Experiments : size effect (<10um) of

YBCO junctions
H. Kashiwaya, PRB 68, 054527
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Careful treatment of experimental data is required to test the symmetry due to
the appearance of ZBCP. Magnetic field response can be used to identify the origin.



ZBCP by MARS & diffusive scattering
No proximity effect in DN
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Josephson effect in d-wave / DN/ d-wave junction
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Nonmonotonic T-dependence of critical current due to competition

between MARS and proximity effect.
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DN/d-wave J unctions PRL 90 167003 (2003)

PRB 69 044519 (2004)

The competition between proximity effect and MARS
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Triplet junctions: resistance
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Normalized tunneling conductance
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L_ocal density of states in DN

LDOS(Normalized)
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The origin for the DoS anomaly In the triplet case:
Unusual energy dependence of pair amplitude

Singlet junctions
fn(e) = fy(=¢)

Triplet junctions

In(E) = —fi (=)

This 1s different from the odd-frequency triplet pairing in SF hybrids
(Bergeret, VVolkov, Efetov)



Meissner effect
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Temperature dependence of averaged value of
local penetration depth

002 Aqp Is apurely imaginary
c | number in the triplet case
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New Idea to detect triplet
superconductor

MARS (Mid gap Andreev resonance state) can penetrate into DN
by proximity effect only for triplet superconductor junctions
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LDOS in DN has a zero LDOS in DN does not have
energy peak a zero energy peak



Summary

Charge transport in diffusive DN/unconventional S junctions

1. Singlet junctions (d-wave)
MARS (Andreev resonant state) cOmpetes with proximity effect
=> nonmonotonous temperature dependence
of the Josephson current in SNS junctions

2. Triplet junctions (p-wave)
MARS coexist with proximity effect
Total resistance of the junction is drastically reduced

The pair amplitude f(E) has unusual E-dependence =>
anomalies iIn DOS and magnetic field screening




